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Abstract
Interest in the study of the effect of cation size upon the configuration assumed by a complex anion led to the
determination of the crystal structure of LiCuCl3 • 2H2O. A unique (Cu2Cl6)= dimer ion was discovered in
the structure that was determined by conventional X-ray diffraction techniques. These dimer ions are linked
together into a zigzag chain by means of long Cu-Cl bonds between the dimers. The chains in any given unit
cell of the crystal are related to each other by a two-fold screw axis. Each dimer has two water molecules
associated with it through long Cu-O interactions, giving a distorted octahedral array about each copper ion.
There are two additional water molecules per dimer ion which are "lattice waters" and which, along with one
of the other oxygens and a chlorine ion, form a tetrahedral hole in which the lithium ion is probably located.
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CRYSTAL STRUCTURE AND MAGNETIC 
PROPERTIES OF LiCuClJ • 2H20* 
Peter H. Vossos and R. E. Rundle 
ABSTRACT 
Interest in the study of the effect of cation size upon 
the configuration assumed by a complex anion led to the de-
termination of the crystal structure of LiCuC13 • 2H2o. A 
unique (Cu2Cl6 )= dimer ion was discovered in the structure 
that was determined by conventional X-ray diffraction tech-
niques. These dimer ions are linked together into a zigzag 
chain by means of long Cu-Cl bonds between the dimers. The 
chains in any given unit cell of the crystal are related to 
each other by a two-fold screw axis. Each dimer has two water 
molecules associated with it through long Cu-0 interactions, 
giving a distorted octahedral array about each copper ion. 
There are two additional water molecules per dimer ion which 
are "lattice waters 11 and l-Thich, along with one of the other 
oxygene and a chlorine ion, form a tetrahedral hole in which 
the lithium ion is probably located. 
~- This report is based on an M.S. thesis by Peter H. Vossos 
submitted August, 1958, to Iowa State College, Ames, Iowa. 
This work was done under contract with the Atomic Energy 
Commission. 
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Magnetic susceptibility measurements were taken on 
LiCuCl3 • 2H2o down to temperatures approaching l°K. The 
paramagnetic susceptibility increased as the temperature was 
lowered and at 5.9°K the substance became antiferromagnetic. 
It was found, from the slope of 1/JLM versus temperature, that 
the spins of the magnetic electrons of the copper ions were 
coupled in parallel fashion (a triplet state) in each dimer. 
It is suspected that the antiferromagnetism arise~ from the 
fact that the net dimer spin directions alternate in regular 
manner throughout a given chain. 
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INTRODUCTION 
Complex Ion Bonding and Configurations 
The study of types of bonding and configurations in com-
plex ions has been a vast, fruitful area of research for many 
years. Considerable interest now centers not only on just the 
type of bonding involved within a complex ion but also in the 
influence exerted by accompanying ions and/or molecules upon 
the type bond or configuration assumed by the complex ion. 
It was decided that an investigation of copper chloride 
complexes of the type MCuC13 and M2CuC14 would be interesting 
from the standpoint of the ~elation between cation size and 
complex anion configuration. In this series of compounds 
there appears to exist a variety of structural configurations 
as well aa several undetermined structures. In order to 
broaden the area of study, it was felt that a structural de-
termination of a compound with small cation, M, would be 
highly desirable. 
In CuC12 (1) and CuC12 • 2H2o (2), where each copper is 
in a square planar configuration, the bonding orbitals of 
2 
copper are described, in valence bond language, as dsp • In 
most of the copper-chlorine complex ions known there are two 
additional long bonds from copper approximately perp6ndicular 
to the four planar dsp2 bonds; therefore, a somewhat distorted 
octahedral configuration exists about copper. The consistency 
of such a structure prompts a theoretical explanation by 
either crystal field, valence bond, or molecular orbital 
2 
treatments. 
Before any structure is discussed in detail, one should 
examine, briefly, the valence theories describing bond f ormat i on 
as they apply to the particular instances under study. Crystal 
field and valence bond treatments are presented below while the 
molecular orbital theory is only mentioned relative to the 
magnetic studies on LiCuc13 • 2H2o. 
Crystal Field and Valence Bond Treatments 
Assume an octahedral arrangement of six ligands about a 
central copper ion and consider the z axis as the direction 
perpendicular to the xy plane containing the four planar cop-
per-ligand bonds. Crystal field theory predicts that the five 
degenerate d orbitals of copper are no longer completely de-
generate in this sort of environment but break up into two de-
generate groups as shown schematically below (3). 
i 
E 
d d d 
xy' yx' xz 
The orbitals dxy' dyz' and dxz are raised only slightly in 
energy by the negative field of the ligands because the orbitals 
donot extend in the direction of the ligands. By construction, 
• 
the orbitals d 2 2 and d 2 extend exactly toward the ligands 
X -Y Z 
and are consequently raised considerably in energy. There 
are nine copper d-electrons to place in these five orbitals. 
Six go into the three low-energy orbitals and the remaining 
three electrons go into the two degenerate "bonding" orbitals. 
If the two ligands in the z direction are pulled out to a 
greater distance from copper, then the relative energy of the 
d orbitals becomes similar to that shown below. Note that 
d 2 -2 and d 2 are no longer degenerate. 
X -y-- Z 
d 
i x2-y2 d 2 
z 
E 
d 
xy 
dxz' dyz 
All those orbitals with a z component are lowered in energy 
since the ligands in the z direction are now distant to cop-
per. When the nine electrons are placed in these orbitals, 
two now go into d 2 and one into d 2 2' the bonding orbital. 
z X -Y 
Energetically, this latter configuration is more favorable 
than the former since the orbital of highest energy is used 
for only a single electron. Here, then, is the crystal field 
4 
theory justification for the observed configurations about 
copper, i.e., two long copper-ligand bonds perpendicular to 
four coplanar short copper-ligand bonds. 
The same conclusion is reached by using Pauling's valence 
bond method (4;. Atomic orbitals (of one atom) are added or 
subtracted to effect a hybrid orbital which is directional and 
of greater length than the original orbitals. Bonding is 
strongest where there is a maximum of orbital overlap; hence, 
hybrid orbitals well concentrated along bond directions form 
the strongest bonds. 
It can easily be seen that adding (and/or subtracting) 
the 3d 2 2, Px, Py' and 4s orbitals yields good bonding hy-
x -Y . 
brids since all of these orbitals, except 4s, lie in one 
plane. Adding the Pz orbital, which is perpendicular to the 
plane, to any of the other orbitals, again except 4s, does 
not give a good bonding hybrid. Here, again, the most favor-
able result would be four 11 normal 11 copper-ligand bonds in one 
plane and two 11 long 11 copper-ligand bonds perpendicular to 
that plane. 
Known Ct·ystal Structures 
The theoretical discussions presented above have ignored 
one consideration which may prove important--that or the mu-
tual repulsion of the ligands. Can this mutual repulsion ever 
become the dominant factor in complex ion configuration? 
5 
There is good reason to believe this might be the case if 
there is no positive charge ideally located around the cop-
per complex ion to appease the repulsion of the surrounding 
negative groups. A look at the known structures may help 
make this point clear. 
In CuC12 (1) and CuC12 · 2H2o (2) there is a neutral 
(CuC1 2) group. In each compound both the crystal field and 
valence bond theories would predict a square planar array 
with two longer bonds leading to a distorted octahedral con-
figuration about copper. Such is the case. CsCuC13 consists 
of (CuC13)- ions and the relatively large cs+ ions. Here a 
somewhat unusual structure is found (5). Chains of (CuC13 )~­
ions separated by cs+ ions exist. There are planar 
CuC14 groups sharing adjacent chlorine ions and so displaced 
as to form a helical array about a six-fold screw axis. A 
distorted octahedral array about copper still persists, how-
ever. This small distortion from planar chains might be 
attributed to the fact that the cs+ ion is large enough to 
be sufficiently removed from the negative field of the chlo-
rines to allow some inter-chlorine repulsion. 
Of particular interest is the structure of Cs 2CuC14 (6). 
In this compound there is a highly negative (CuC14 )= ion where 
chlorine repulsion would be expected to be greater. Indeed, 
the configuration about copper is now that of a distorted 
tetrahedron with rather short Cu-Cl distances. In this ion, 
there is but one four-fold inversion axis and the three-fold 
6 
symmetry axes of the tetrahedron have disappeared. The struc-
ture may be considered as square planar deformed by pushing up 
the atoms at the ends of one diagonal while pushing down the 
other two atoms. It is assumed that the centers of positive 
charge of the cs+ ions are not sufficient, because of dis-
tance from centers of negative charge, to offset the repul-
sion of the negative chlorine ions. These ions then acquire 
a tetrahedral arrangement about copper to allow for greater 
Cl-Cl distances. 
The sort of reasoning just described leads one to suspect 
new sorts of configurations for a (CuC14 )= ion if the accom-
panying cation were small, e.g., Li2CuC14 • 
It is worthwhile to note that in K2CuC14 • 2H2o (7), 
where the small K+ ion is found with a copper-chlorine complex, 
the structure of the complex ion is essentially that of 
+ CuC1 2 • 2H 2o. The K ion is not large enough to produce a 
distortion of the copper complex nor is it small enough to 
allow some unusual configuration. It certainly appears as if 
the size of the cation has an important influence on the con-
figuration assumed by the complex ion. 
While attempts were being made to obtain crystals of 
Li 2CuC1 4, excellent crystals of LiCuC13 • 2H2o were produced. 
Preliminary structural investigations indicated an unusual 
structure and possible interesting magnetic properties. The 
attempts to obtain Li 2CuC14 were temporarily abandoned in 
order to study LiCuC13 • 2H2o. 
• 
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Interest in Magnetic Properties 
A very brief look at the various bond theories as they 
apply to LiCuC1 3 • 2H2o shows that one might expect some 
rather interesting magnetic properties from this compound. 
viith Cu in the +2 valence state, there exists an unpaired 
d-electron, often referred to as a 11 magnetic electron". There 
are two such electrons for each dimer (reader is referred to a 
later section describing the structure of LiCuC13 • 2H2o}. In 
the crystalline field theory and valence bond treatments of 
bonding, these electrons are restricted to movement about their 
respective parent nuclei. When a molecular orbital treatment 
is examined, one finds that each of these electrons exists in 
an orbital extending, in part, onto each of the four ligands. 
At the site of the bridging chlorines, the orbitals from the 
two coppers of the dimer overlap. Here, then, there is spin 
interaction, and coupling of spins, either parallel or anti-
parallel, may take place. Applying Hund 1 s rules, the triplet 
state, or parallel spins, would be lower in energy than the 
singlet state. If the energy involved herein is small with 
respect to kT, then there should be a noticeable increase in 
paramagnetism as the compound is cooled to very low tempera-
tures. At some very low temperature LiCuC13 • 2H2o should 
become either ferromagnetic or antiferromagnetic. The purpose 
of the magnetic study was to determine which was the case. 
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STRUCTURE OF LiCuC13 · 2H2o 
Preparation and Properties of LiCuC13 • 2H2o 
A hydrated lithium copper chloride was made as early as 
1891 in France by M. A. Chassevant (8). Although Chassevant 
assigned the formula 2CuCl,LiCl + 6HO to the garnet-red crys-
tals he obtained, the actual formula was later shown to be 
CuCl~iCl • 2H2o. This garnet-red color for a hydro.us copper 
chloride salt was quite unusual and F. G. Donnan (9) and A. 
Werner (10) attempted early explanations. Werner associated 
the water molecules with the lithium ions only; Donnan pro-
posed the following decomposition formula: 
The crystal structure determination of the compound as de-
scribed in this paper has shown that these ideas are at least 
partially correct. 
Crystals of LiCuC13 • 2H2o were obtained from a LiCl-
CuC12 • H2o solution. The procedure followed was essentially 
that described by F. H. Getman {11). A solution of LiCl and 
CuCl2 • 2H20 was made in which the concentration of LiCl was 
much greater than that of the CuC12 • H2o. This solution was 
allowed to crystallize slowly in a desiccator at room tempera-
ture. The mother liquor was then quickly filtered from the 
crystals of LiCuC13 • 2H2o formed. It was necessary to 
9 
perform the filtration in a dry atmosphere since it was found 
that the crystals were unstable to moisture. 
LiCuC13 • 2H2o crystallizes as short needle-like crystals. 
The crystal habit is prismatic with the four major faces join-
ing at angles of approximately?? 1/2° and 102 1/2°. The ends 
are irregular in shape but usually pyramidal. The only obvi-
ous symmetry ls a mirror plane along the needle axis. When 
observed under a polarizing microscope, the crystals were wine-
red in color when the electric vector of the incident light 
was approximately 66° to the needle axis and then green-yellow 
when the electric vector was turned 90°. Monoclinic symmetry 
was strongly indicated. 
The crystals were quite unstable to water. In a moist 
atmosphere they turned green and then, after prolonged stand-
ing, became a green solution. It is believed the compound 
breaks down into its component salts, LiCl and CuC12 • 2H2o 
(11). 
The density, determined by flotation techniques, was 
found to be 2.36 g/cc. 
X-Ray Data 
A crystal of LiCuC13 • 2H2o was placed in a capillary 
tube so that the needle axis was parallel to that of the tube. 
This needle axis was later defined as the [100] direction. An 
oscillation picture was taken about this axis; Laue photographs 
10 
were also taken. A t·~.ro-fold axis of symmetry was found per-
pendicular to a mirror of symmetry. This fixed the Laue sym-
metry as C2h and established the crystal system as monoclinic. 
From Weissenberg and precession data the following system-
atic extinctions were observed: {hol} class of reflection, 
1 = 2n; {oko1, k = 2n. The space group is, then, uniquely de-
termined as P21/c (12). 
The monoclinic unit cell was found to have the following 
lattice constants: 
a= 6.078 ±. 0.003 Ao 
b = 11.145 ±. 0.003 Ao 
c = 9.145 ±. 0.003 Ao 
fi = 108° 50 1 . 
The lattice constants were determined by a back reflection 
Weissenberg method (13). Using these values and the observed 
density, it was found that there were four "molecules" per 
unit cell { p 1 = 2.39 g/cc compared to ro b = 2.36 g/cc). 1 ca c. 1 o s. 
Intensity data were taken for {ok~J reflections by means 
of the Weissenberg equi-inclination technique using Cu K~ 
radiation. Multiple film layers were used and timed expo-
sures of 3, 12, and 24 hour duration were taken. This was 
done in order to obtain a good average value for the intensity 
of each reflection. Precession intensity data were taken of 
the {hoi} and 0koJ reflections using Mo K« radiation. These 
11 
pictures were of 1, 2, 4, 8, 16, 32, 64, 128, 256, 512, 1024, 
and 2048 minute duration. 
All data were judged visually against a set of standard 
intensities. The Weissenberg intensity data were corrected 
for Lorentz and polarization factors by means of an intensity 
correction program written by Senko and Templeton who used the 
International Business Machines 650 computer (I.B.M. 650). 
The precession intensity data were corrected for Lorentz and 
polarization factors by means of a template developed by 
Waser (14). 
Determination of the Crystal Structure 
The general method of attack employed in the determina-
tion of the structure was to calculate a Patterson projec-
tion, establish a set of atomic parameters, and substantiate 
these by electron density projections prior to a refinement 
process. 
The (Ok/) Weissenberg intensity data were processed 
first. The Patterson function for the [100) zone was derived 
to be as follows: 
..A ob 
P(O,y,z) = L F2 (0k0) cos 27Tky + L F2 (oof) COB 2TTI z 
k = 1 I= 1 
oO o6 
+ 2 LL F2 (ok~) cos 2 7Tky cos 2 rri z, 
1 1 
12 
Table 1. Intraset Patterson vectors for projection onto (100) 
Vectors 
± (2y,2z) 
1/2, 1/2 ± 2z 
1/2 ± 2y, 1/2 
± { 2y, '2Z) 
Multiplicity 
2 
4 
4 
2 
A Patterson projection onto the {100) plane was calcu-
lated by means of the 11 TDF 40-80 Program for I.B.M. 650 11 
which is a 11 Four1er 11 program written by Dr. D. R. Fitzwater of 
Iowa State College. The Patterson expression was substituted 
for the electron density function of the program. The vector 
map obtained is shown in Figure 1. 
The Patterson intraset vectors for P2l/c and the [1oo] 
zone are shown in Table 1. 
None of the vector peaks could be related to atoms in 
special positions at centers of symmetry in P21;c· All atomic 
parameters, therefore, belonged to four-fold general sets of 
positions (12). It was also clear from this Patterson map 
that there was overlapping of vector peaks since there were 
only three peaks which could account for the closest three 
Cu-Cl vector sets and the one short Cu-Cu vector. This situa-
tion also made it difficult to distinguish the Cu-Cu vector 
13 
c--
Figure 1. Patterson projection onto the (100) plane 
14 
peak from the others. 
Assuming that the QLghest peak, at y = 0, z = 17/80ths, 
was the Cu-Cu vector peak, that peak could justifiably be 
assigned only to the vectors (2y, 2z) or (2y, 2z). For the 
purpose of calculating the electron density for this zone, 
this choice made no actual difference. Copper was then given 
the following atomic parameters: y = 0.00, z = 0.106. 
The conventional heavy atom technique was subsequently 
employed in an attempt to determine the chlorine and oxygen 
parameters. Structure factors were calculated for the [10~ 
zone by using only the copper par ameters. These structur e f ac-
tors were calculated on the I.B.M. 650 by the Least Squares 
Program written by M. E. Senko and D. H. Templeton. The 
scattering factors for each reflection were computed on the 
I.B.M. 650 by using a set of scattering factor value s obtained by 
Berghuis (15). These values for each reflection were then 
corrected for anomalous dispersion effects as described by 
Dauben and Templeton (16). Below is the structure factor 
expression for general {hk11 reflections and for the [okJ} 
reflections. 
F ( hk J) = 4 [ f n { [cos 2 11 ( hx + 1 z ) cos 2 Tl ( k ~ J. ) 
-sin 271(hx +/.z) sin 21f(k 1)] [cos 2ifky cos 21f(k ~,l) 
+sin 21/ky sin 21T(k ~!.)]} 
15 
F (okt) = 4[_fn cos 27fky cos 27Ti.z k + 9.. = 2n 
F (Ok.O = 4 [ [-fn sin 277ky sin 2/tf( z] k + f._ = 2n + 1 
Since the y parameter of the copper atom was zero, this 
atom could contribute only to the structure factors repre-
senting reflections obeying the relationship k + J = 2n. If, 
then, only k + j = 2n intensity data were used, an n (diag-
onal) glide symmetry element could be expected to be added to 
the space group symmetry. An electron density projection, 
based on these data, would have a twe- fold symmetry about 
y = 1/4, z = 1/4, i.e., the projection using only terms with 
k + ~ = 2n would be centered on (100). 
An electron density projection onto the (100) plane was 
computed using 
f (O,y,z) = 
the function 
(k + f = 2n) 
N N 
"L L F(Ok0 cos 2 iTky cos 21f~z 
0 0 
(k + J = 2n + 1) 
N N :J 
+ L_ j F(Ok~) l -sin 2 rfky sin 2 TTJ zj. 
0 0 
The projection map is shown in Figure 2. One-quarter of 
the unit cell is drawn in order to show the two-fold symmetry 
at 0, 1/4, 1/4. 
From this projection it could be seen that the choice 
16 
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Figure 2. Electron density projection onto the (100) plane 
based on only k + J = 2n data 
X Position of two-fold symmetry axis 
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for the copper parameters was correct but that the added 
symmetry generated a false set of chlorine parsmeters. It 
was also noted that the chlorine peak heights were signifi-
cantly different. This fact proved to be important in es-
tablishing the final set of chlorine parameters. In order to 
resolve the problem of the "extra" chlorine set, Patterson 
and electron density projections for the other two zones were 
calculated and evaluated. 
The Patterson functions used in the calculations were 
as follows: 
(hkO) .o 
P(x,y,O} = L 
0 
,6 .,6 
0 
+ 2 L:'"""'"\. i' L F2(hk0) cos 2 ffhx cos 2 7Tky 
0 0 
18 
The vector maps are shown in Figures 3 and 4. 
By carefully studying all three Patterson projections, 
it was possible to determine conclusively the parameters of 
the copper atom only. These were as follows: x = 0.175, 
y = 0, z = 0.106. It was not possible to determine whether 
the chlorine vectors were positive or negative as defined by 
our set of axes. However, an absolute magnitude for the 
chlorine parameters was obtained. In addition it was pos-
sible to ascertain which vector peaks overlapped~and in this 
way account for all peaks and peak heights. 
Assuming that the chlorine ions would be found in posi-
tions about the copper ion giving 11 normal 11 Cu-Cl bond dis-
tances (17) and using information from the first electron 
density projection onto the (100) plane, a 11 best guess 11 com-
bination of the sets of atomic parameters for the copper and 
three chlorine ions was established. (The useful informa-
tion derived from the first (100) projection lay in the in-
terpretation of the chlorine peak heights. One chlorine ion 
was assigned to each of the two high peaks while the third 
chlorine ion was assigned to one of the two low peak posi-
tions. In the latter case the choice appeared arbitrary.) 
Structure factors were then calculated for the (Ok0) data 
and the subsequent electron density projection computed. The 
result showed that our 11 best guess 11 was correct and also in-
dicated the positions of the oxygen peaks. The peak centers 
were located by Booth 1 s method (18). This new set of atomic 
I 
a 
b 
Figure 3. Patterson projection onto the (001) plane 
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parameters (for the copper, three chlorine, and two oxygen 
ions) was used to calculate an improved electron density pro-
jection onto the (100) plane. The final projection map for 
this plane is shown in Figure 5. 
An electron density projection onto the (001) plane was 
calculated after computing structure factors for the (hkO) 
data using the new y parameters and the 11 best guess" x para-
meters for the copper and three chlorine ions. The function 
used in the calculation was 
k = 2n 
~(x,y,O) - F(hkO) COB 2 7/hx COB 2 !Tky 
.,6 oa k = 2n + 1 
+ L L [ -F(hkO) sin 21/ hx sin 27/ky]. 
0 0 
No peaks ~orresponding to oxygen atoms were obvious on 
the projection map. A difference synthesis (19) indicated the 
position of only one oxygen. It was 0nly after an electron 
density projection onto the (010) plane was computed that all 
oxygen parameters were conclusively determined. The final 
(001) projection shown in Figure 6 illustrates the reason for 
the difficulty in observing the oxygen peaks. Both oxygene 
lie extremely close to copper ions in this projection and 
electron density maps based on only copper and chlorine 
parameters did not distinguish the oxygen positions. 
22 
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Figure 5. Final electron density projection onto (100) plane 
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Table 2. Atomic positional parameters from each set of data 
Atom Parameters 
X y z 
hkO hO,t hkO OkL . hOt Okl 
Cu 0.825 0.825 0.005 0.003 0.112 0.106 
011 .52? .533 .129 .12? .122 .12? 
01 2 .890 .893 .3?8 .380 .422 .418 
Cl3 .196 .194 .396 .401 .184 .188 
01 .206 .161 .135 .134 .298 .309 
02 .6?5 .648 • 39? .39? .04? .04? 
For the {hot) reflections the function 
f<x,O,z) = [ f{[r<hoL) + F{ho.oj cos 21fhx cos 2lTJ.z 
0 0 
+ lF(hoi) -F(hoOl sin 2 iThx sin 2 iT £z} 
was used to compute the electron density projection onto the 
(010) plane, The result is shown in Figure ?. 
The final set of parameter obtained from es.ch of the 
projections, before refinement, are shown in Table 2. 
No evidence of the lithium ion could be found on any of 
the electron density projections. 
0,0 
c 
Figure 7. Electron density projection onto (010) plane 
o • ..!. 
2 
ro 
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Refinement of Structure 
The structure was refined by a least-squares method in 
which the variables were individual isotropic atomic tempera-
ture factors, scale factors for each reciprocal level, and 
the atomic positional parameters. Each of the three sets of 
two dimensional data was treated. The program was written 
by Templeton and Senco for orthorhombic symmetry only. How-
ever, a small modification was incorporated into the program 
to enable it to treat monoclinic symmetry. 
The function minimized by the program is 
u 
where /Foj = observed structure factor magnitude 
/Fcj = calculated structure factor magnitude 
Wu = weighting factor for each reflection , 
In this particular case the weighting function was put 
in as a constant (wu = 1). The refinement was considered 
complete when the function 
u 
changed by less than 0.1% and the other variables did not 
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change appreciably from one cycle to the next. 
The final averaged parameters and other results from 
the two dimensional data are shown in Table 3. 
Interatomic distances were computed on the I.B.M. 650 
by means of the Distance Program written by TempletonJand 
are listed in Table 4. Bond angles were calculated manually 
and are also shown in Table 4. 
A listing of the final hkO, hO{ and Ok{ structure fac-
tors is included in Table 5. 
Discussion of Structure 
The main building block of the structure of LiCuC13 • 
2H 20 is the planar (Cu2Cl6)= ion. Here the two copper ions 
are bridged by two chlorines (denoted by 012 in Figure 8) 
and each copper has two more close neighbor chlorines (Cl1 
and Cl3). Figure 8 illustrates how the square planar con-
figuration about each copper is effected. In the figure, 
atoms numbered alike are crystallographically equivalent. A 
center of symmetry exists in the center of the dimer ion so 
that the two halves are equivalent. 
The bridging chlorines are at a distance of 2.31 and 
2.29 ~ from the copper ions while the other copper-chlorine 
0 
bond distances are 2.26 and 2.27 A. The angle between the 
° C C Cl 92°. bridging chlorines is 85 and that between 11- u- 3 , 
0 0 Other angles are Cl1-Cu-Cl2 , 92 ; Cl2-Cu-Cl3, 91 • The 
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Table 3. Final parameters, standard deviations, temperature 
factors, scale factors, and R values 
Atom Average of the three zones 
Cu 
Cl1 
Cl2 
Cl3 
01 
02 
Lia 
R values 
Atom 
X y z 
0.8250 0.0067 0.1118 0.0009 0.0006 
.5344 .1293 .1219 .0018 .0011 
.8932 .3809 .4208 .0018 .0010 
.1980 .3977 .1834 .0018 .0010 
.1590 .1372 .3013 .0068 .0040 
• 6463 • 3939 • 0361 • 0051 • 0027 
• 66 • 94 • 51 
.0007 
.0013 
.0013 
.0013 
.0049 
.0036 
Zone 
hkO 
9.68% 
Scale Factors 
Ok{ 
13.82% 
2.30% 0.91% 
hOJ 
11.49% 
1.27% 
Kok.t = 1. 90 
KhkO = 1.09 
KhO.l = 1.82 
2 I Temperature factors B/).. = B 
Okl ( t = 1. 54) hkO () = 0. 71) hO ( ;\ = 0. 71) 
0.69 
0.51 
0.44 
0.42 
1.42 
0.36 
3.46 
3.58 
3.69 
3.72 
8.98 
3.93 
3.55 
4.23 
3.91 
4.12 
6.85 
4.12 
Bpostulated parameters; see Discussion of Structure. 
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Table 4. Bond distances and angles 
Intradimer bonds Distance Angle Value 
0 Cu-Cu 3.40 ±. 0.007 A Cl1-Cu-Cl3 92° 
Cu-Cl1 2.26 ± 0.02 ~ Cl2-Cu-Cl2 85° 
0 92° Cu-Cl2 2.29 ±. 0.02 A Cl1-Cu-Cl2 
Cu-Cl2 2.31 ± 0.02 ~ Cl2-Cu-Cl3 91° 
Cu-Cl3 2.27 + 0.02 ~ 
Ou-01 2.64 ±. 0.03 ~ 
Interdimer distances 
Cu-Cu 3.82 
Cu-Cl1 2.94 
Cu-01 2.64 
Cu-02 3.95 
C11-c11 3.58 
Cl1-Cl2 3.73 
Cl1-Cl3 3.77 
C12-c12 > 5.0 
Cl2-Cl3 >4.0 
" Cl3-Cl3 > 4.0 
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Table 5. Final structure factors for all zones 
Indices KF0 F I -BIS2 c e Indices KF0 F I -B'S2 c e 
hkO Data 
{hOO) 2 12.4 -12.7 
1 13.3 13.2 3 1.0 .3 
2 13.9 -12.7 5 9.2 9.8 
3 37.2 -36.7 6 5.1 5.4 
4 8.1 - 7.9 7 3.4 3.3 
5 6.5 5.7 
6 9.7 10.4 {h50) 
7 2.3 - 2.4 1 1.0 1.2 
8 4.2 - 4.8 2 5.5 4.7 
3 7.4 - 8.1 
{hlO) 5 5.8 - 4.3 
2 6.7 - 6.4 6 3.5 5.1 
3 12.5 12.8 
4 3.5 4.2 {h60) 
5 1.5 2.6 0 9.1 9.9 
6 6.0 - 6.8 1 4.4 4.7 
8 3.2 - 3.1 2 2.6 - 3.9 
3 10.6 -10.9 
(h20) 4 1.5 - 1.7 
0 26.6 29.8 5 3.5 3.4 
1 10.9 12.2 6 6.0 5.3 
2 14.8 -15.1 7 2.3 2.3 
3 19.3 -17.6 
4 4.7 - 4.5 {h70) 
6 8.5 8.9 1 4.0 3.6 
6 8.1 8.1 2 7.1 5.9 
8 4.3 - 4.2 3 10.2 -10.6 
4 6.8 - 8.2 
(h30) 5 2.1 - 2.4 
2 4.3 - 5.0 6 5.7 6.7 
3 13.7 13.3 7 4.1 3.8 
4 4.7 5.4 
5 2.5 1.0 (h80) 
6 7.1 - 7.2 0 31.7 32.1 
7 1.0 1.8 1 5.4 4.8 
2 3.2 - 3.0 
(h40) 3 17.5 -18.1 
0 22.7 -22.3 4 3.5 - 4.2 
1 7.6 8.9 5 1.0 1.4 
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Table 5. (Continued) 
Indices KF0 
I -B'S2 
·Indices KF0 F 1 e -B
1S2 Fe e c 
6 5.6 5.6 hOi Data 
(h90) (h02) 
1 5.9 7.5 0 4.2 3.4 
2 5.2 4.4 1 11.5 10.3 
3 2.3 2.8 2 4.1 4.3 
4 5.0 - 5.8 3 7.6 5.0 
5 1.0 7.6 4 18.7 -19.6 
6 1.8 - 1.7 5 6.9 - 7.6 
6 1.5 - 1.7 (h•10•0) 7 8.1 9.7 
0 16.7 15.4 
1 7.7 7.2 (h04) 
2 10.8 - 9.6 0 30.4 -30.1 
3 9.5 - 9.3 1 4.8 4.6 
4 3.0 - 3.5 2 1.7 - 2.2 
5 6.2 6.3 3 9.4 9.9 
6 5.4 4.9 4 6.7 - 7.4 
5 1.7 - 2.8 
(h.1l.O) 6 1.2 1.1 
1 3.5 4.4 
2 3.5 2.7 (h06) 
3 5.7 5.4 0 6.9 - 7.2 
5 2.6 - 1.3 1 15.3 -16.8 
2 9.4 -10.9 
(h•12•0) 3 3.7 3.6 
0 2.1 - 1.0 4 12.3 15.2 
1 3.8 4.1 5 7.3 . 3.4 
2 8.6 - 7.8 6 1.5 .2 
3 1.0 - 2.0 
5 10.4 6.5 (hOB) 
0 2.3 3.0 
(h•l3•0) 1 6.2 - 7.6 
2 1.8 .6 2 .9 .1 
3 1.0 1.7 3 .9 .4 
4 1,8 1.1 4 5.1 6.5 
(h•14•0) (h•0•10) 
0 1.5 1.3 0 8.9 8.1 
3 3.4 - 3.0 1 10.3 12.4 
2 1.5 2.4 
3 3.2 - 3.4 
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Table 5. (Continued) 
-B 1 S2 -B 1 S2 Indices KF0 F 'e Indices KF0 F 'e c c 
(b.o2) 
1 12.3 -14.5 3 13.4 -12.1 
2 7.8 8.9 4 6.8 6.3 
3 3.9 4.7 5 5.7 4.7 
4 12.3 11.0 6 5.6 4.4 
5 1.7 - 1.1 7 4.7 - 3.5 
6 1.5 .7 
(h•O•l2) 7 12.6 -11.1 
8 1.2 - 1.8 1 .9 1.1 
(h04) 2 2.1 - 2.9 
1 13.3 -13.0 
2 5.2 6.3 
3 36.7 37.2 OkJ Data 
4 11.6 11.8 
5 2.5 - 1.8 (oo.t) 
6 18.9 -16.4 2 3.9 3.8 
7 9.3 - 8.4 4 23.2 -28.9 
8 4.8 3.8 6 7.6 - 7.7 
(h06) 8 1.4 2.0 10 10.2 9.4 1 7.5 7.2 
2 8.1 7.5 (Oll) 3 4.4 3.9 2 9.4 - 8.6 4 10.3 - 9.5 3 5.4 - 7.2 5 7.6 6.8 4 6.3 6.5 6 .9 .2 5 29.1 -34.8 7 8.4 6.4 6 4.0 4.0 8 3.2 - 1.7 7 2.6 2.4 
(h08) 8 5.3 - 4.2 9 13.3 12.8 1 1.5 - 1.9 10 4.3 - 4.7 2 7.7 7.4 11 1.1 - 1.4 3 12.6 -11.5 
4 7.9 - 6.9 (02~) 5 .9 .4 1 3.2 3.6 
6 11.4 8.7 2 3.5 4.0 
7 11.7 9.5 3 5.3 3.9 
4 16.6 -16.9 (h •O •10) 5 11.8 10.3 
1 6.1 - 6.5 6 4.4 - 5.2 
2 11.3 -10.9 7 10.2 12.2 
33 
Table 5. (Continued) 
Indices KF0 F 'e -B
1S2 Indices KFO F 'e -B
1S2 
c c 
8 5.0 5.4 2 3.4 2.6 
9 9.1 - 9.? 3 6.3 - 6.5 
10 5.0 5.6 4 15.3 -13.8 
11 4.1 - 5.9 5 5.8 - 6.? 
6 8.6 - ?.9 (03)) ? 5.2 - 4.8 
1 8.1 8.4 8 9.? 11.8 
2 10.5 -11.? 9 6.1 ?.6 
3 11.5 -10.3 10 2.2 3.0 
4 9.9 9.6 
5 1.0 .2 (0? j) 
6 1.6 1.5 1 21.5 20.0 
? 1.? 1.? 2 1.6 .? 
8 5.4 
- 4.9 3 9.8 -10.0 
9 4.5 5.0 4 10.1 -10.8 
10 3.? - 4.1 5 1?.8 -16.3 
6 5.3 3.5 
(041) ? 2.2 2.1 
0 20.0 -23.0 8 5.8 6.4 
1 6.1 ?.3 9 ?.2 ?.4 
2 2.6 2.5 
4 5.1 - 6.1 (089) 
6 3.9 - 3.9 0 33.3 33.2 
? 4.8 5.? 1 14.6 -13.0 
8 10.5 11.5 2 4.6 4.0 
9 2.8 
- 2.2 3 ?.8 - 5.? 
10 1.4 1.2 4 20.4 -1?.4 
5 6.0 1.8 
(051) 6 9.2 - ?.? 
1 11.2 11.? ? 2.4 - 2.2 
2 1.5 - 1.9 8 3.2 3.8 
3 12.0 -12.2 9 2.1 3.1 
4 2.4 - 2.6 
5 6.4 4.6 (091) 
6 4.8 - 4.6 1 13.9 11.6 
? 3.1 3.0 2 3.? - 3.8 
8 2.3 3.2 3 3.4 - 2.? 
9 2.1 3.0 4 3.5 - 2.9 
10 3.5 4.4 5 19.2 -19.2 
6 10.6 10.4 
(o6J) ? .9 .4 
0 ?.? ?.1 8 1.9 1.5 
1 5.2 - 3.8 
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Table 5. (Continued) 
-B 1S2 Indices KF0 F 'e Indices KF0 c 
(0·10·}) (0·12·,0 
0 21.2 18.0 0 4.2 1 6.8 - 4.4 1 5.3 2 1.4 1.1 2 1.6 
3 1.9 - 1.6 6 1.5 
4 8.1 - 6.5 
5 10.4 ?.2 (0•13·1) 
6 1.9 .7 1 1.3 7 4.1 5.3 2 3.9 
(0·11·1) 3 3.8 4 2.5 
1 1.8 - 1.3 
2 5.5 - 5.4 (0·14·1) 
3 1.1 1.1 0 .6 4 5.9 5.4 1 1.3 5 4.4 
- 4.6 2 1.4 6 2.5 2.6 
7 .4 .6 
0 
resulting copper-copper distance is 3.40 A. 
-B 1S2 F 'e c 
- 1.5 
5.1 
- 1.6 
2.2 
.7 
- 4.4 
- 3.3 
1.? 
.5 
.8 
.? 
Each dimer is directly associated with two others by 
0 
means of two long Cu-Cl bond distances of 2.94 A, one for 
each copper in the dimer. As Figure 8 shows, the dimers do 
not lie exactly above one another but are so displaced that 
the copper ions are bonded, at an extended distance, to 
crystallographically equivalent chlorine ions of the next 
dimer. For any one given dimer, there exists a second 
situated 11 above 11 and 11 forward 11 and a third which lies "below" 
•· 
05 
Figure 8. Diagram showing dlmer relationship and con-
figuration of chlorlnes and oxygen about copper 
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and "back 11 • In effect, a zigzag chain of dimers exists. 
Related to each chain by a two-fold screw axis is another 
chain. Figure 9, which is a view from approximately the 
{101) direction, shows the relative chain and dimer positions. 
On each side of the dimer plane and opposite from each 
long Cu-Cl bond lies a water molecule at a Cu-0 distance of 
2.64 i. This oxygen ion as well as the "distant" chlorine 
is at angles slightly less than 90° from the plane of the 
dimer. Each copper is, therefore, coordinated octahedrally 
--with one oxygen and five chlorine ions. The result is a 
somewhat distorted octahedron. 
Since the lithium ion was not found, its position in 
the unit cell can only be postulated. As a starting point 
one would look for a position in which the lithium would be 
tetrahedrally coordinated. Two such tetrahedral holes are 
found per half unit cell. They share a common edge and are 
related by a center of symmetry. These holes exist be-
tween one dimer chain and the equivalent chain one unit cell 
over. The corners of each tetrahedral hole consist of the 
oxygen ion bonded to a copper ion, two of the second crys-
tallographically equivalent oxygen ions {they are related 
by the center of symmetry), and a chlorine from one of the 
given chains. The common edge exists between the two crys-
tallographically identical oxygene which are not bonded to 
any copper ion. Figure 9 attempts to show the approximate 
location of the lithium ions and the ions to which they 
37 
Figure 9. View from approximately (101) direction showing bonds 
within chains and the postulated Li ion position 
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are linked. The heavy dotted lines represent the bonds in 
the 11 front 11 tetrahedron and the thin dotted lines represent 
bonds in the 11 back 11 tetrahedron. Here, then, is a neat 
representation which not only shows the lithium ion in its 
most likely position but also shows how the dimer chaine 
might be bound to one another. 
The postulated lithium position which is given by the 
parameters listed in Table 2 gives Li-0 distances of approx-
o 0 
imately 1.9 A and a Li-Cl distance of 2.3 A. These compare 
to the respective values of 2.0 ~ and 2.4 ~ which the sum of 
the ionic radii listed by Wells (17) would give. 
For the first time a (Cu2Cl6 )= ion has been found in a 
crystal structure. The geometry of the ion is similar to 
the dimer molecule of Au2c16 (17) (20) where gold is in a 
trivalent state, but no other ion of this sort ie known to 
exist. The uniqueness of the structure is in a large way 
due to the smallness of the cation, Li, for one needs only 
to compare this structure with that of CsCuC13• No conclu-
sive statements as to the effect of the cation size on the 
complex ion con:f'iguration can yet be put forth, but cer-
tainly the interest in the structure of Li2CuC14 has now 
been enhanced. Additional work along this line may yield 
worthy conclusions. 
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MAGNETIC PROPERTIES OF LiCuC13 · 2H2o 
Experimental Methods 
The magnetic susceptibility of LiCuC13 • 2H2o was meas-
ured on an apparatus designed and built by Dr. L. D. Jennings 
of Iowa State College. This apparatus consists essentially 
of a Hartshorn mutual inductance bridge in a cryogenic sys-
tem. A very brief description is given in the following 
paragraph. 
The bridge is made up of two distinct parts, a large 
primary coil and a secondary coil. The latter consists of 
three small coils, slightly separated, and is wound directly 
over the primary. The entire bridge is wound about the end 
bf a long circular tube of several centimeters diameter 
·which is placed within a double Dewar system. A heating 
coil of smaller diameter can be placed inside the tube and 
within the area of the coils. Its purpose is to heat the 
sample. The sample is contained by a plastic sample holder 
which itself fits inside the heating coil and both it and 
the heating coil are removable. Thermocouple wires are 
attached to the sample holder to measure temperature. Tem-
peratures approaching 1°K can be reached. 
Approximately four grams of LiCuC13 • 2H2o were placed 
in the sample holder and lowered into position within the 
bridge coils. The bridge had previously been placed toward 
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the bottom of the inner of the two Dewara. The air inside 
the tube containing the sample holder and heating coil was 
evacuated and helium was substituted to effect quick, uni-
form heating, For a liquid nitrogen run, both inner and 
outer Dewars were filled with liquid nitrogen. For a helium 
run, liquid helium was substituted for nitrogen in the inner 
Dewar. To reach temperatures below the normal boiling point 
of helium, a vacuum was pulled on the liquid helium and tem-
peratures were then read in terms of the vapor pressure of 
helium. 
To begin the experimental run, the sample would be al-
lowed to cool down to the nitrogen or helium boiling point 
temperatures, Readings of mutual inductance and temperature 
were taken at these points. Readings were then taken at 
various intervals of higher temperature as the sample was 
slowly heated. 
Results of the nitrogen and helium runs are shown to-
gether in a plot of molar susceptibility versus temperature 
in Figure 10. Figure 11 shows the same data in a plot of 
reciprocal molar susceptibility versus temperature. 
Data and Discussion 
The paramagnetic susceptibility of LiCuC13 • 2H20 in-
creased as the temperature of the compound was decreased. 
Figure 10, which shows the complete results, also shows that 
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this effect was gradual at first but was enhanced by lower 
0 temperatures. There is an area in the vicinity of 230 K 
where the susceptibility deviates from its smooth curve to 
give a small break. This break is particularly evident in 
the plot of 1/X M versus T, Figure 11. There appears to be 
no suitable explanation at this time although it should be 
noted that no such jump was observed when data were being 
taken as the sample was allowed to cool through this range 
of temperatures. This break, not always so sharp, however, 
was always obtained when readings were taken as the sample 
was being heated. A low-temperature X-ray Weissenberg 
photograph indicated no phase change had taken place. If 
the data taken as the sample cooled were plotted, a smooth 
curve through the break would be the result. 
0 0 In the range of temperatures between 10 and 140 K, the 
data appear to follow the Curie-Weiss law reasonably well. 
At 5.9°K the substance becvmes antiferromagnetic. The para-
magnetic Curie temperature was found to be -10°K. A nega-
tive value corresponds to an antiferromagnetic substance. 
The susceptibility is expressed as molar susceptibility, 
)(M' in cgs units, cm3/mole. Magnetic susceptibility is re-
lated to mutual inductance by the equation 
L = u. n n n'J. u 
ro s p ~·· 
where L = mutual inductance in henries 
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~0 = permeability of air (rationalized units) 
n8 = number of turns per meter on secondary coil 
np = number of turns per meter on primary coil 
n = number of moles of s ample and 
1M = molar susceptibility in MKS units. 
As was mentioned in the introduction, the spins of the 
two magnetic electrons in each dimer ion would be expected 
to couple in parallel fashion when the energy involved be-
came small in comparison to kT. This effect should be ob-
servable in the data. Consider now the following equation 
for .i.M: 
where 
= nog2J(J + 1) f< B ~o 
3kT 
XM= molar susceptibility 
no = number of moles of sample 
g = Lande g factor 
J = total angular momentum quantum number 
PB = Bohr magneton 
fo = permeability of air 
k = Boltzman constant 
T = temperature. 
In the case of copper J = S, the total spin quantum 
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number, and g = 2. Since the product of molar susceptibility 
and temperature ( .J_ MT) is proportional to g2 J (J + 1), a 
value of J can be obtained from the slope of the line in 
Figure 11. The slope is equal to the reciprocal of .X MT. 
If the spins of the magnetic electrons are not coupled, 
then J = 1/2 for the n0 moles of substance present. If the 
spins are coupled in parallel fashion, then the two coppers 
may be thought of as one with J = 1. The number of moles of 
substance would then be n0 /2. The product g[J(J + 1]1/ 2 is 
called the effective magnetic moment, 
in Bohr magnetons. For J = 1/2 and N 
2 
J = 1 and N = n0 /2, f< eff = 8.0. 
f- eff, and is expressed 
2 
= no, f- eff = 3.0; for 
2 The experimental value for f- eff was obtained by taking 
the derivative of 1/iM with respect to T, d(l/iM), in the 
dT 
two equations for ~M given above and equating the two. The 
final expression was 
2 = g 2J(J +1) = f eff 3k • 
The slope of the straight line section of the curve of Figure 
11 was used since thls, fortunately, represented the area of 
interest. The results were as follows: 
for J 1/2, 2 4.09; = f eff = 
for J = 1, 2 feff = 8.18. 
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With the observed value of 8.18 closer to the calculated 
value of 8.0 for J = 1 than 4.09 is to 3.0 for J = 1/2, it 
was concluded that indeed J = 1 and the spins were coupled 
parallel over the range of temperatures represented by the 
straight line of Figure 11. The light dashed line of Figure 
11 represent e. the theoretical slope giving a fA- ;ff = 3. o. 
Certainly this line does not fit the data points nearly as 
well as the full-line curve and, therefore, the conclusion 
reached is reasonably safe. 
The fact that LiCuC13 · 2H2o becomes antiferromagnetic 
below 5.9°K is also quite interesting. Obviously the net 
spins of each of the dimers are not lined up in the same di-
rection or the substance would be ferromagnetic. This fact 
proposes the question of whether the spin directions of each 
dimer alternate in regular fashion throughout the chains or 
whether each chain is ferromagnetic but opposite in direc-
tion to the next chain. In CuC12 • 2H2o, which becomes 
antiferromagnetic below 4.3°K (21), the spins about adjacent 
coppers are said to be directed opposingly. This fact leads 
one to suspect that in LiCuC13 • 2H2o it is the net dimer 
spins which al ternA.te in direction. C uC12 , which has a real 
chain structure, has been found to become antiferromagnetic 
below approximately 70°K (22). Here there is good reason to 
believe that each chain is ferromagnetic since, effectively, 
all the chlorines are bridging chlorines and the magnetic 
electrons of each copper would have to be lined up in the 
'( 
: 
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same direction . if there was coupling at the site of the 
bridging chlorines. 
It is interesting to note at this point the magnetic 
properties of Cu(C 2H3o2 )2 • H2o which exists as the dimer 
Cu2(C2H3o2)4 • 2H 2o (23). Here are two copper ions in an-
other dimer structure. The magnetic susceptibility of this 
compound was found to pass through a maximum at approximately 
room temperature and then fall rapidly toward zero (24). It 
appears that in thiA case antiparallel spin coupling is ener-
getically preferred to parallel coupling. The structure of 
Cu(CZH3o2) 2 • H2o is different from that of LiCuC13 • 2H2o 
and offers an explanation for the difference in magnetic 
proper·ties. In the copper acetate campo und the two copper 
ions lie above one another (say along the z axis) and are 
held at a rather close 2.64 ~ distance apart by the four 
acetate groups which bend to bridge the coppers. Out along 
z from each copper is the water molecule at a Cu-0 distance 
of 2.2 Z. The short distance between coppers allows Cu-Cu 
interaction and it has been proposed that this interaction 
le great enough to effect a dbond of approximately one 
kcal/mole in energy (25). 
There is some reason to believe that this interaction 
may actually be of the ar bond type. Note that the Cu-0 
distance along the z axis of Cu(C 2H3o2 )2 • H2o is 0.4 ~ 
shorter than that 1n LiCuC13 • 2H2o and that the Cu-Cu dis-
o 0 
tance is 3.40 A in the lithium salt while only 2.64 A in 
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the acetate salt. It appears that the oxygen of the water 
molecule is more strongly bonded to the copper ion in the 
acetate salt than in the lithium salt. This fact indicates 
that the dz2 orbital of the copper ion in Cu(C2H3o2 )2 • H2o 
has but one electron in it. Interaction between two such 
orbitals would produce a ar type bond between the two copper 
ions. 
This discussion has indicated some of the reasons for 
the interest in the structure and in the magnetic properties 
of certain compounds. The structure of LiCuC13 • 2H2o itself 
can be improved upon by the location of the lithium and hy-
drogen positions. Additional magnetic studies on single 
crystals of this salt should, theoretically, enable one to 
determine i~indeed1 it is the net dimer spins which alternate 
in direction. Although there may be difficult problems to 
surmount in expanding research efforts on this lithium salt 
and other salts as well, the valuable conclusions which may 
be realized make these efforts quite worth-while. 
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